Sex determination is a fundamental developmental pathway governing male and female differentiation, with profound implications for morphology, reproductive strategies, and behavior. In animals, sex differences between males and females are generally determined by genetic factors carried by sex chromosomes. Sex chromosomes are remarkably variable in origin and can differ even between closely related species, indicating that transitions occur frequently and independently in different groups of organisms. The evolutionary causes underlying sex chromosome turnover are poorly understood, however. Here we provide evidence indicating that Wolbachia bacterial endosymbionts triggered the evolution of new sex chromosomes in the common pillbug Armadillidium vulgare. We identified a 3-Mb insert of a feminizing Wolbachia genome that was recently transferred into the pillbug nuclear genome. The Wolbachia insert shows perfect linkage to the female sex, occurs in a male genetic background (i.e., lacking the ancestral W female sex chromosome), and is hemizygous. Our results support the conclusion that the Wolbachia insert is now acting as a female sex-determining region in pillbugs, and that the chromosome carrying the insert is a new W sex chromosome. Thus, bacteria-to-animal horizontal genome transfer represents a remarkable mechanism underpinning the birth of sex chromosomes. We conclude that sex ratio distorters, such as Wolbachia endosymbionts, can be powerful agents of evolutionary transitions in sex determination systems in animals.
Sex determination is a fundamental developmental pathway governing male and female differentiation, with profound implications for morphology, reproductive strategies, and behavior. In animals, sex differences between males and females are generally determined by genetic factors carried by sex chromosomes. Sex chromosomes are remarkably variable in origin and can differ even between closely related species, indicating that transitions occur frequently and independently in different groups of organisms. The evolutionary causes underlying sex chromosome turnover are poorly understood, however. Here we provide evidence indicating that Wolbachia bacterial endosymbionts triggered the evolution of new sex chromosomes in the common pillbug Armadillidium vulgare. We identified a 3-Mb insert of a feminizing Wolbachia genome that was recently transferred into the pillbug nuclear genome. The Wolbachia insert shows perfect linkage to the female sex, occurs in a male genetic background (i.e., lacking the ancestral W female sex chromosome), and is hemizygous. Our results support the conclusion that the Wolbachia insert is now acting as a female sex-determining region in pillbugs, and that the chromosome carrying the insert is a new W sex chromosome. Thus, bacteria-to-animal horizontal genome transfer represents a remarkable mechanism underpinning the birth of sex chromosomes. We conclude that sex ratio distorters, such as Wolbachia endosymbionts, can be powerful agents of evolutionary transitions in sex determination systems in animals.
sex chromosome | horizontal transfer | Wolbachia | endosymbiont | isopod crustacean I n many animals, sex determination is controlled by sex chromosomes. Sex chromosomes are heterozygous in males in XY/XX systems (male heterogamety) and in females in ZW/ZZ systems (female heterogamety) (1) (2) (3) (4) . Despite their involvement in a fundamental developmental process that might be expected to be highly conserved, sex determination systems are highly variable and generally show a poor fit to phylogeny (5) (6) (7) (8) . The remarkable lability of sex determination systems implies a complex evolutionary history of transitions between systems and the recurrent evolution of new sex chromosomes.
New sex chromosomes arise from ordinary autosomes that acquire a sex-determining region, which is characterized by sexspecific inheritance and is often hemizygous (i.e., a haploid region in an otherwise diploid individual) in the heterogametic sex (9) . The evolutionary forces driving the evolution of new sex chromosomes and the mechanisms underlying transitions between sex determination systems are poorly understood, however (2, 3) .
It has been proposed that sex ratio selection may be the major evolutionary force driving turnovers of sex determination systems (3, 10, 11) . Sex ratio selection occurs to restore a balanced sex ratio (the usual evolutionarily stable strategy) in a population in which the sex ratio is biased toward one sex. Sex ratio biases are often caused by sex ratio distorters, selfish genetic elements with sex-biased inheritance that enhance their own transmission by biasing sex ratios to their advantage. Examples of these sex ratio distorters include meiotically driven sex chromosomes and cytoplasmic elements, such as organelles and endosymbiotic microorganisms (12) (13) (14) (15) . Their presence generates genetic conflicts with most other genes in a genome, which are biparentally inherited. Ensuing genetic conflicts may lead to the evolution of nuclear suppressors restoring balanced sex ratios and turnovers in sex determination systems (2, 3) . Here we extend the concept that sex ratio distorters may drive the evolution of sex-determination systems through direct incorporation in the nuclear genome as sex-determining factors.
The common pillbug Armadillidium vulgare (Crustacea, Isopoda) has a female heterogametic system of sex determination with ZW females and ZZ males (15) (16) (17) ; however, many A. vulgare females produce female-biased progenies owing to intracellular, maternally inherited Wolbachia bacterial endosymbionts (14) (15) (16) (17) . These cytoplasmic sex ratio distorters induce the feminization of genetic males into phenotypic females (18, 19) . ZZ genetic male embryos carrying Wolbachia develop as viable and fertile phenotypic females, which in turn produce Wolbachiainfected, female-biased progenies. It is predicted by models, and has been confirmed empirically, that ZW genetic females will be eliminated from pillbug lines infected by Wolbachia, causing the loss of the W sex chromosome (20) . This is a perfect example of transition from chromosomal to cytoplasmic sex determination (15) (16) (17) . All individuals are then ZZ genetic males; those inheriting Wolbachia develop as females, whereas uninfected embryos develop as males.
Interestingly, however, another sex determination factor exists in this species, with many female-biased progenies also produced in some lines lacking Wolbachia (21) . Females from these lines are thought to be ZZ genetic males converted into females by an unknown feminizing agent termed the "f element." Based on an Significance Sex determination is an evolutionarily ancient, key developmental pathway governing sexual differentiation in animals. Sex determination systems are remarkably variable between species or groups of species, however, and the evolutionary forces underlying transitions between these systems are poorly understood. Here we provide evidence indicating that the genome of Wolbachia bacterial endosymbionts was horizontally transferred into a chromosome of the common pillbug Armadillidium vulgare, which resulted in this chromosome evolving as a new female (W) sex chromosome. This represents a remarkable mechanism underpinning the birth of sex chromosomes. We conclude that bacteria can be powerful agents of evolutionary transitions in sex determination systems in animals.
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Data deposition: The sequencing data generated in the study have been deposited at DNA Data Bank of Japan/European Nucleotide Archive/GenBank (accession no. LYUU00000000). The version described in the paper is version LYUU01000000. indirect physiological test, it has been suggested that this f element is widely distributed in field populations of A. vulgare, and its frequency is consistent with a recent origin (22) . In 1984, Legrand and Juchault (21) hypothesized that the f element may be a fragment of a Wolbachia genome integrated in the pillbug nuclear genome and carrying feminization information. In the present study, we tested this more than 30-y-old hypothesis.
Results and Discussion
To identify the f element, we sequenced the female genome from an f-carrying pillbug line derived from wild animals sampled in Denmark. Mapping of 622 million sequencing reads onto 16 Wolbachia genome sequences revealed that 0.11% of the reads showed high similarity to Wolbachia. These reads were assembled into nine scaffolds spanning 3.13 Mb, including one scaffold of 2.8 Mb and eight scaffolds of 10-106 kb ( (23) (Fig. 1) . A comparison of 839 orthologous genes (841,039 nucleotides) confirmed that the Wolbachia scaffolds are nearly identical to Wolbachia wVulC at the genome-wide level (99.7% nucleotide identity). This extremely low level of sequence divergence (only 3.5 substitutions per gene on average) indicates that the Wolbachia scaffolds and wVulC diverged from one another only very recently.
We assessed whether the Wolbachia scaffolds belong to a cytoplasmic Wolbachia genome or to nuclear insert(s) using transmission electron microscopy, which indicated the absence of Wolbachia and any other endosymbionts in the cytoplasm of oocytes of A. vulgare females carrying the f element ( Fig. 2A ), in agreement with previous observations (21) . Furthermore, our sequencing reads covered only 82.6% of the 1.66-Mb Wolbachia wVulC genome (Fig.  3) . Inspection of the nonmapped regions indicated that 331 out of 1,888 wVulC genes are absent from (n = 243) or severely truncated in (n = 88) the Wolbachia-derived scaffolds from the f-carrying female (Table S1 ). Importantly, 85 of these 331 missing or partial genes (26%) belong to the Wolbachia core genome, i.e., they are crucial to Wolbachia cell viability (Table S1 ). Because the Wolbachia scaffolds lack these genes, we conclude that they do not belong to a cytoplasmic Wolbachia genome and instead have a nuclear origin. Nuclear Wolbachia inserts have been previously reported in the genomes of other arthropods and nematodes (24) (25) (26) .
To test whether the reconstructed scaffolds belong to one or more Wolbachia inserts integrated in the pillbug genome, and whether one of these is the f element, we performed PCR analyses specifically targeting each of the nine Wolbachia scaffolds (between two and eight markers per scaffold). Analysis of a panel of males and females from an f-carrying pillbug line showed PCR amplification in all females and in none of the males for all scaffolds except scaffold 9 ( Table 1 ). Cosegregation of scaffolds 1-8 with the female sex indicated that they are genetically linked and most likely belong to a single Wolbachia insert. Scaffold 9 is present in both males and females and thus represents an independent event of horizontal transfer from Wolbachia to the pillbug genome that cannot be the f element. In contrast, the Wolbachia insert corresponding to scaffolds 1-8 is linked to the female sex, as expected for the f element. Female sex linkage was independently confirmed by a pedigree analysis spanning six generations (118 descendants screened), which showed perfect maternal inheritance of the Wolbachia insert (Fig. 4) . Furthermore, scaffolds 1-8 showed a mean sequencing depth of ∼21×, one-half of the sequencing depth of ∼41× observed for the diploid A. vulgare genome and autosomal scaffold 9 (Table 1 ). This indicates that the female-linked Wolbachia insert is hemizygous, as expected for the sex-determining, W chromosome-specific region of the genome. These findings raise the question of whether the Wolbachia insert was integrated in the female sex-determining region of the native W sex chromosome of the pillbug genome, or was integrated in another genomic locus that has since become a new sex-determining region. To distinguish between these two hypotheses, we performed genetic crosses spanning three generations (Materials and Methods).
We predicted that F2 progenies should exclusively consist of females if the Wolbachia insert were linked to the native female sex-determining region of the pillbug genome, or up to 50% males if the Wolbachia insert occurred in a ZZ genetic male background (i.e., lacking the native female sex-determining region). We found that all 25 F2 progenies (939 individuals) were composed of >21% males, thus verifying the second prediction (Table S2) . These results provide direct evidence that the Wolbachia insert was integrated in a genetic background lacking the female sex-determining region of the native W sex chromosome. Therefore, the Wolbachia insert does not result from integration in the native W sex chromosome. Instead, female linkage of the Wolbachia insert, together with the known feminizing effect of the cytoplasmic Wolbachia ancestor, strongly support the view that the Wolbachia insert acts as a new female sex-determining region of the genome. We acknowledge that a definitive demonstration of the feminizing nature of the Wolbachia insert will require functional validation; however, owing to the large number of potentially functional genes that it contains, at present we are unable to perform such experiments.
To investigate the genomic context of the Wolbachia insert, we characterized a 95-kb-long region at the 5′ end of scaffold 1 that showed no similarity to Wolbachia. Five loci indicate that this flanking sequence is derived from the pillbug genome; three of these loci show the greatest similarity to homologs found in animal genomes, and the other two loci are fragments of viral genomes of the crustacean-borne Nimaviridae family endogenized into the host genome (27) (Table S3 ). This flanking genomic region of pillbug origin provides direct evidence for the nuclear localization of the Wolbachia insert. Furthermore, inspection of the sequence at the junction between the pillbug genome and the Wolbachia insert showed that integration occurred in a (CCTAA) n microsatellite. The integration site shows a 3-bp microhomology (Fig. 2B) , suggesting that the Wolbachia sequence was likely integrated in the pillbug genome as part of the repair of a DNA double-strand break (28, 29) .
Nearly 83% of the Wolbachia genome is currently found in the Wolbachia insert, but up to the entire Wolbachia genome may have been transferred, with subsequent deletions of small genomic regions. Consistent with the latter hypothesis, the 331 wVulC genes missing or severely truncated in the Wolbachia insert are clustered in 55 regions of 1-40 contiguous genes in the wVulC genome, with six contiguous genes per cluster on average. Nevertheless, we cannot formally exclude the possibility that a chunk of the Wolbachia genome was lost on integration. The original transfer of 83% (conservatively assuming all 331 genes lost on integration) to 100% (assuming no genes lost on integration) of the Wolbachia genome means that the original size of the Wolbachia insert on integration in the pillbug genome was 1.37-1.66 Mb (using wVulC as a reference). Thus, the Wolbachia insert roughly doubled in size (3.02 Mb) since its integration owing to numerous duplications of varying sizes (Fig. 3) . We identified 88 duplications (excluding mobile elements) ranging in size from 1.5 to 170 kb, which collectively contributed 1.46 Mb of additional sequence to the Wolbachia insert (Fig. 3) , although wVulC and the Wolbachia insert are nearly identical at the nucleotide level (99.7% nucleotide identity). Thus, genomic rearrangements mediated by intrachromosomal recombination appear to be a major signature of the early molecular evolution of the Wolbachia insert.
Conclusion
Taken together, our results validate the hypothesis proposed by Legrand and Juchault in 1984 (21) , demonstrating that the f element is a large piece of a feminizing Wolbachia genome that has recently been transferred horizontally to the pillbug nuclear genome. The f element was not integrated in the native W sex chromosome. Perfect female sex linkage and hemizygosity, together with the known feminizing effect of the cytoplasmic Wolbachia ancestor, strongly support the view that the f element is acting as the female sex-determining region in f-carrying pillbug lines. In any event, we show that the pillbug chromosome in which the f element is inserted has effectively become a new W sex chromosome. Our results thus support an evolutionary scenario in which Wolbachia endosymbionts triggered a turnover of sex chromosomes in A. vulgare (15) (16) (17) 20) , first by inducing the loss of the native W sex chromosome under cytoplasmic sex determination and then by introducing a new sex-determining region elsewhere in the nuclear genome (Fig. 5 ). This scenario implies that the f element is a sex-determining region of bacterial origin in the genome of an animal species, and that bacteria-toanimal horizontal genome transfer can be viewed as a novel mechanism for the birth of sex chromosomes. The f element is remarkable in that it represents an extremely recent case of horizontal transfer with major biological consequences (individual development as female, pending functional validation), which allowed us to trace back the entire evolutionary history of the transfer, including donor (feminizing Wolbachia bacteria closely related to wVulC), mechanism (integration of a nearly complete genome by microhomology-mediated recombination), molecular evolution (genomic expansion by intrachromosomal recombination), and likely evolutionary significance (recruitment as a sex-determining region). We conclude that sex ratio distorters such as Wolbachia bacterial endosymbionts can be powerful agents of evolutionary transitions in sex determination systems in animals.
Materials and Methods
Genome Sequencing and Assembly. We extracted total genomic DNA from four f-carrying A. vulgare sisters using the Qiagen DNeasy Blood and Tissue Kit, according to the protocol for animal tissues (3 h of incubation in proteinase K at 56°C and 30 min of RNase treatment at 37°C Sequencing depth was heterogeneous within and between scaffolds, with blocks of homogeneous depth (roughly multiples of ∼20× depth) separated by sudden shifts coinciding with misassemblies, suggesting the occurrence of multiple duplicated regions in the assembly. Therefore, scaffolds were broken into blocks of homogeneous sequencing depth, and misassemblies were resolved by iterative mapping using Geneious version 7.1 (37) and manual curation. The final assembly was composed of nine Wolbachia-like scaffolds totaling 3,128,926 bp (Table 1) . Automated annotation was performed using Prokka version 1.9 (38) .
In parallel, sequencing reads were used to assemble the A. vulgare genome, using SOAPdenovo version 1.05. The genome (k-mer size of 49) was composed of 3,549,649 scaffolds and contigs totaling 1.456 Gb. To remove contaminant sequences, the 3,768 scaffolds ≥5 kb in length were used for similarity searches by blastx version 2.2.30+ (39) against the nonredundant protein sequences of the National Center for Biotechnology Information (NCBI) database (as of September 2015). The 2,087 scaffolds assigned to eukaryotes were considered to belong to the A. vulgare genome per se. (The other scaffolds were assigned to prokaryotes or showed no significant hit.) Illumina paired-end processed reads were mapped onto the nine Wolbachia-like scaffolds and the A. vulgare genome using Bowtie2. The mean sequencing depth per nucleotide of the Wolbachia-like scaffolds and the 2,087 A vulgare scaffolds ≥5 kb in length was determined using fitGCP (40).
Molecular Tests. We analyzed 26 molecular markers targeting the nine Wolbachia scaffolds (two to eight markers per scaffold) by PCR (Table S5) . PCR reactions were carried out in 25 μL with 5 μL of buffer 5×, 0.5 μL of dNTPs (2.15 mM), 0.7 μL of each primer (10 μM), 0.25 μL of Taq polymerase 5 u/μL, and 1 μL of DNA. PCRs were conducted using the following temperature cycling: initial denaturation at 94°C for 3 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 47-60°C (depending on primer set) for 30 s, and elongation at 72°C for 1 min, ending with a 10-min elongation step at 72°C. Amplification patterns in a panel of six males and six females of the WXf-1543 line indicated that scaffold 9 does not belong to the f element; thus, scaffold 9 was removed from all subsequent analyses, and scaffolds 1-8 are hereinafter referred to as the f element.
To distinguish between the presence of the f element and Wolbachia infection, we used a combination of four molecular markers: wsp, recR, dnaA, and ftsZ (Table S5) . Whereas all four of these markers are present in the Wolbachia genome, only two are present in the f element (dnaA and ftsZ). Thus, different amplification patterns are obtained for individuals with the f element (wsp−, recR−, dnaA+, ftsZ+), Wolbachia (wsp+, recR+, dnaA+, ftsZ+), or none (wsp−, recR−, dnaA−, ftsZ−). In addition, we designed a marker (Jtel) spanning the junction between the f element and the pillbug genome (Table S5) as an alternative assay for f element detection and to distinguish between individuals infected only by Wolbachia and those with both Wolbachia and the f element.
Phylogenetic Analyses. Nucleotide sequences of six genes (coxA, fbpA, ftsZ, gatB, groE, and hcpA) widely used for Wolbachia phylogenetic studies (41, 42) and previously sequenced in 19 representative Wolbachia strains (Table S6) were used for similarity searches by blastn against the f element. Some of these genes were duplicated in the f element (Table S6) , but all paralogous copies had identical sequences. For each taxon, the six loci were aligned and concatenated (total alignment length, 3,038 nucleotides). MEGA6 (43) was used to identify the best substitution model (TN93+G+I), and a maximum likelihood phylogeny was reconstructed using PhyML 3.0 (44), with 1,000 bootstrap replicates.
Comparisons with Wolbachia wVulC. Amino acid sequences of the 3,173 genes from the f element were used for similarity searches by blastp version 2.2.30+ against the 1,888 genes of the Wolbachia wVulC genome (GenBank accession no. ALWU00000000). The 839 best hits matching >100-aalong wVulC proteins and aligning to >90% of their length with proteins of the f element were retained. Nucleotide sequences of the 839 genes from wVulC and the f element were aligned (total alignment length, 841,039 nucleotides), and mismatches were counted using Emboss Stretcher (45) . We found that 633 of the 839 sequence pairs were identical, and that 796 of the 839 sequence pairs exhibited >99% nucleotide identity.
Illumina paired-end processed reads (see above) were mapped onto the Wolbachia wVulC genome using Bowtie2. For each of the 1,888 wVulC genes, we calculated the fraction of nucleotides mapped by f element reads. We found that 1,492 wVulC genes were fully mapped (i.e., present in the f element), 243 genes were not mapped at all (i.e., absent in the f element), and 153 genes were partially mapped. Of the latter, the 88 genes with <80% mapped nucleotides were considered severely truncated and likely nonfunctional in the f element. Wolbachia core genes absent or nonfunctional in the f element were identified using similarity searches by blastp against the 654 genes of the Wolbachia core genome (46) . Of the 331 genes lacking or severely truncated in the f element, 85 belong to the Wolbachia core genome (based on >75% amino acid similarity and >80% alignment length to a Wolbachia core gene, using wPipPel as a reference).
Genomic duplications in the f element were identified by similarity searches against wVulC scaffolds using blastn. Hits covered on >80% of their length by another hit on the f element were filtered out using an in-house perl script, as were hits <1,500 bp in length or showing <70% nucleotide similarity with the wVulC sequence. Duplications matching mobile elements (regions annotated as IS transposable elements, group II introns, and prophages in wVulC) on >90% of their length were also filtered out to exclude transposition events from the count of genomic duplications. Results were visualized using CIRCOS 0.69 (47) .
Transmission Electron Microscopy. Observations were performed on ovaries of two adult females from each of three A. vulgare laboratory lines: WXf-1543 (carrying the f element), WXw-1651 (infected by Wolbachia wVulC), and BF-2869 (lacking both the f element and Wolbachia). For each female, total genomic DNA was extracted from one ovary, and the presence or absence of Wolbachia and the f element was verified by PCR as described above. The second ovary of each female was fixed in a solution containing equal volumes of glutaraldehyde 3% (wt/vol), sodium cacodylate 0.1 M, and NaCl 1% at pH 7.35 for 2 h at 4°C. Ovaries were postfixed in a solution containing equal volumes of osmium tetroxide 1.3% (wt/vol), sodium cacodylate 0.1 M, and NaCl 1.8% (wt/vol). After dehydration through an acetone series, samples were embedded in Epon resin. Ultrathin (70 nm) sections were obtained with an Ultracut ultramicrotome (Leica) and a diamond knife (Diatome). Sections were transferred to carbon-coated films on 1-mm copper whole grids and contrasted with 2% uranyl acetate and lead citrate. Observations were performed with a JEOL JEM 1010 transmission electron microscope equipped with an Olympus Quemesa digital camera.
Pedigree Analysis. We generated a pedigree spanning six generations (A. vulgare has a generation time of 1 y), starting in 2011 with a cross between two founders, a 1-y-old male and a 1-y-old female carrying the f element, the progeny of which constituted the first generation of line WXf-1543. In 2012, 2013, and 2014, between two and seven females were selected from the previous generation and crossed with males from our laboratory lines BF-2794 or BF-2869. In 2015, three females selected from the 2014 generation were crossed with their brothers. At each generation, total genomic DNA was extracted from the progenitors (except the two founders) and from randomly selected males and females of their progenies. Presence or absence of the f element and Wolbachia was tested by PCR using markers wsp, recR, dnaA, ftsZ, and Jtel (as described above) in 130 individuals of the pedigree, including 118 descendants (62 males and 56 females) and 12 males from lines BF-2794 or BF-2869. As expected, none of the 12 males from lines BF-2794 or BF-2869 carried the f element or Wolbachia.
Genetic Crosses. To test whether the f element was integrated in the female sex-determining region of the native W chromosome or elsewhere in the genome and has since become the female sex-determining region, we first generated A. vulgare males homozygous for the W sex chromosome (i.e., WW males). We took advantage of the existence of a dominant masculinizing locus (M) in our laboratory line BFog-2812, which is epistatic to the W sex chromosome and the f element (48) . This makes it possible to generate WW,Mm individuals, which differentiate as males (48) . We crossed WW,Mm males with females carrying the f element (from our laboratory line WXf-1538) and obtained eight F1 progenies. Total genomic DNA was extracted from one leg of 80 F1 females, and PCR was performed as described above to identify those carrying the f element. We then crossed F1 females carrying the f element with genetic males (ZZ,mm) from our laboratory line BF-2787 (which lacks both the f element and Wolbachia). We obtained 25 F2 progenies, whose sex ratios allowed us to discriminate whether the f element was integrated in the native W chromosome or elsewhere in the genome, as explained below. If the f element is integrated elsewhere in the genome (i.e., in a ZZ genetic background), then the genotype of F0 females carrying the f element is ZZ,mm,f+f− (because the f element is hemizygous). A hallmark of this hypothesis is that F2 progenies are expected to contain up to 50% males, given the genotypes of the individuals used for the two genetic crosses: Characterization of the f Element Flanking Region. We identified the integration site of the f element in the pillbug genome at coordinate 95,380 in scaffold 1. The 38 ORFs >400 bp long in the genomic region upstream of the integration site (i.e., 5′ end of scaffold 1) were translated and used for similarity searches using blastp against the nonredundant protein sequences of the NCBI database (as of January 2016). The 10 ORFs showing significant hits (e-value <10 −5 ) corresponded to six genomic loci. We used the taxonomy of the blastp hits [eukaryote, bilateria (metazoan taxon to which the pillbug belongs), virus, or prokaryote] to infer the origin of the six genomic loci. Whereas one locus yielded ambiguous results, the other five loci supported the conclusion that the first 95,379 bp at the 5′ end of scaffold 1 are of pillbug origin (Table S3) .
The immediate pillbug sequence flanking the f element is a (CCTAA) 92 microsatellite (coordinates 94,919-95,378 in scaffold 1), followed by CCTA (coordinates 95,379-95,382). This sequence perfectly matches the first four nucleotides of the microsatellite motif CCTAA and indicates that the f element is integrated in a (CCTAA) n microsatellite of the pillbug genome. Interestingly, a similarity search by blastn using Wolbachia wVulC as a query against scaffold 1 unambiguously indicated that the f element starts at coordinate 95,380 (Fig. 2B) . Thus, 3 bp at the f element integration site (CTA at coordinates 95,380-95,382) are shared by the pillbug genome and the f element, defining a microhomology.
